The mistrafficking and consequent cytoplasmic accumulation of cholesterol and sphingolipids is linked to multiple neurodegenerative diseases. One class of disease, the sphingolipid storage diseases, includes Niemann-Pick disease type C (NPC), caused predominantly (95%) by mutation of the NPC1 gene. A disease model has been established through mutation of Drosophila NPC1a (dnpc1a). Null mutants display early lethality attributable to loss of cholesterol-dependent ecdysone steroid hormone production. Null mutants rescued to adults by restoring ecdysone production mimic human NPC patients with progressive motor defects and reduced life spans. Analysis of dnpc1a null brains shows elevated overall cholesterol levels and progressive accumulation of filipin-positive cholesterol aggregates within brain and retina, as well as isolated cultured brain neurons. Ultrastructural imaging of dnpc1a mutant brains reveals ageprogressive accumulation of striking multilamellar and multivesicular organelles, preceding the onset of neurodegeneration. Consistently, electroretinogram recordings show age-progressive loss of phototransduction and photoreceptor synaptic transmission. Early lethality, movement impairments, neuronal cholesterol deposits, accumulation of multilamellar bodies, and age-dependent neurodegeneration are all rescued by targeted neuronal expression of a wild-type dnpc1a transgene. Interestingly, targeted expression of dnpc1a in glia also provides limited rescue of adult lethality. Generation of dnpc1a null mutant neuron clones in the brain reveals cellautonomous requirements for dNPC1a in cholesterol and membrane trafficking. These data demonstrate a requirement for dNPC1a in the maintenance of neuronal function and viability and show that loss of dNPC1a in neurons mimics the human neurodegenerative condition.
Introduction
Niemann-Pick type C (NPC), an autosomal-recessive, fatal neurodegenerative disease that typically manifests in childhood (Vanier and Millat, 2003) , is classified as a sphingolipid storage disease based on intracellular accumulation of cholesterol, glycosphingolipids, and lyso-bisphosphatidic acid in endosome/ lysosome-like organelles (Zervas et al., 2001; Vance, 2006) . Lipid accumulation occurs in neurons of the cerebral cortex, cerebellum, and hippocampus (Paul et al., 2004) and in non-neuronal tissues such as liver (Beltroy et al., 2005) . Although lipid mistrafficking is the pathological hallmark of NPC, it is unknown whether lipid accumulation is the cause of neurodegeneration or merely an associated consequence of cellular dysfunction.
The vast majority of disease cases (95%) arise from mutations of NPC1, with the remainder caused by mutation of NPC2 (Carstea et al., 1997; Naureckiene et al., 2000) . NPC1 is a multipass transmembrane protein that resides in endosome/lysosomelike organelles (Garver et al., 2000; , with homology to the sterol-sensing regions of SCAP (SREBP cleavageactivating protein) and HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A), proteins involved in cholesterol homeostasis (Davies and Ioannou, 2000; Millard et al., 2005) . Recent data suggest that NPC1 directly binds cholesterol and oxysterols in vitro (Ohgami et al., 2004; Infante et al., 2007) . NPC2 is a small intralysosomal protein that also binds cholesterol (Friedland et al., 2003) . The similar organelle localization of NPC1 and NPC2, and the similar lipid accumulations within these organelles in the absence of either protein, suggests they cooperate in the same lipid trafficking pathway. Nevertheless, the molecular functions of NPC1 and NPC2 remain unknown, including how the loss of either protein leads to progressive neurodegeneration.
The Drosophila genome encodes more NPC genes: two NPC1 genes (dnpc1a and dnpc1b) and eight NPC2 genes. The dnpc1b homolog is specifically required in midgut epithelia for the uptake of dietary cholesterol, a role performed by the NPC1-like 1 protein in mammals (Voght et al., 2007) . A recent study showed that deleting two dnpc2 genes causes early death and neurodegen-eration (Huang et al., 2007) . The dnpc1a gene is widely expressed and required generally for sterol homeostasis, and specifically for sterol-dependent synthesis of the molting hormone ecdysone (Huang et al., 2005; Fluegel et al., 2006) . Early lethality caused by loss of dNPC1a is suppressed by feeding mutants excess levels of ecdysone precursors. Strikingly, no neurodegenerative phenotype has been described in dnpc1a mutants, and the role of dNPC1a in neuronal function and viability remains totally uncharacterized.
We report here that neuronal dNPC1a function is required for maintenance of neuronal function and viability. Ultrastructural analyses reveal massive, age-progressive accumulation of multilamellar (MLB) and multivesicular (MVB) bodies in neurons, concurrently with accumulation of cholesterol aggregates. Null dnpc1a mutants display age-progressive, nonapoptotic neuron loss in both central brain and retina. Electrophysiology recordings show age-dependent loss of phototransduction currents and loss of photoreceptor synaptic transmission. Targeted neuronal expression of a wild-type dnpc1a transgene rescues all these defects. These studies demonstrate that Drosophila is a viable model system to study the mechanisms of cholesterol trafficking dysfunction and neurodegeneration caused by loss of NPC1.
Materials and Methods
Drosophila stocks. All stocks were grown on standard corn meal/molasses diet at 25°C. A stock of 7-dehydrocholesterol (30 mg/ml) in ethanol was added to 500 ml of medium and mixed thoroughly to ensure adequate dispersion of the sterol. 7-Dehydrocholesterol-supplemented food was made to a final concentration of 0.14 mg/g. The control genotype used in all experiments was w 1118 . The dnpc1a 1 null allele and yellow fluorescent protein (YFP)-tagged wild-type dnpc1a transgene stock (UAS-dnpc1a-YFP) were kindly provided by Dr. M. Scott (Stanford University, Stanford, CA) (Huang et al., 2005) . The dnpc1a 57A null allele and ring gland 2-286 GAL4 driver stock were kindly provided by Dr. L. Pallanck (University of Washington, Seattle, WA) (Fluegel et al., 2006) . The following GAL4 drivers were also used in this study: brain mushroom body (MB) OK107-GAL4 (Connolly et al., 1996) , pan-neuronal elav-GAL4 (Yao and White, 1994) , and glial-specific repo-GAL4 (Sepp et al., 2001) . A transgenic UAS double-strand RNA interference (RNAi) transgenic line specific for dnpc1a (UAS-dnpc1a RNAi) was generated for this study. Briefly, the sense fragment was generated by amplifying the last 787 bp of exon 10 and intron 10 and subsequently cloned into pUAST with EcoRI and NotI restriction sites. The antisense fragment was generated from the same 787 bp construct by PCR with NotI and XbaI flanked primers. The pUASTdNPC1a RNAi plasmid was injected into w 1118 embryos with helper plasmid ⌬2-3 to generate multiple lines. The elav-GAL4;UAS-dnpc1a-RNAi line was produced by standard genetic methods.
Life-span analysis. Life spans were determined by collecting newly eclosed animals and placing them at low density (Ͻ20 animals per vial) at 25°C in a constant 12 h light/dark cycle in a humidity-controlled incubator. The aging animals were transferred to new vials at least three times per week, with deaths scored. The life-span plots were generated by calculating the percentage of survivorship every second day and plotting viability as a function of time (days). Animals removed for histological/ ultrastructural/electrophysiological analyses were subtracted from total population numbers. The viability comparisons between genotypes used time in days to 50% survival of the population.
Cholesterol measurements. The Amplex Red cholesterol assay kit (Invitrogen) was used to measure both free cholesterol and cholesterol ester levels. Control and mutant animals were raised on food supplemented with 7-dehydrocholesterol through larval development, until puparium formation, and then switched to regular food. Heads were isolated from adult animals 5 d after eclosion. Heads were homogenized in 150 mM NaCl, 50 mM Tris, pH 7.5, and 2 mM EGTA (Fluegel et al., 2006) followed by centrifugation at 5000 rpm for 5 min. The supernatant was then diluted to a final concentration of 100 g/l and used to assay total cholesterol concentration per manufacturer instructions. To separately measure free cholesterol and not cholesterol esters, assays were performed without cholesterol esterase. Fluorescence was measured with a Flexstation II (Molecular Devices) and a 530/590 nm filter set.
Mass spectrophotometry. Isolated brains were dissected from control and mutant animals at 5 d after eclosion. Sterols from dissected brains were prepared by Bligh and Dyer extraction (Bligh and Dyer, 1959) . Sterols were sulfated and prepared for liquid chromatography tandem mass spectrometry (MS/MS) following Rietveld et al. (1999) . Briefly, a [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ] cholesterol standard was added to samples, followed by extraction in 1,4-dioxane and sulfation with sulfur trioxide-pyridine complex in absolute pyridine to dried lipid samples. Sample analyses were performed using a Surveyor HPLC system (Thermo Electron), with online degasser, quaternary pump, refrigerated autosampler, and column heater. Tandem mass spectrometric detection was performed using a TSQ Quantum triple-stage quadrupole mass spectrometer (Thermo Electron) equipped with a standard API-1 electrospray source and a 100 m inner diameter deactivated fused silica capillary. A Zorbax SBPhenyl column (2.1 mm ϫ 15 cm; MAC-MOD Analytical) was used for all chromatographic separations. The autosampler tray temperatures were maintained at 4°C. Mobile phases were made up of 20 mM ammonium formate in (A) CH 3 CN:iPrOH:H 2 O (4:1:95) and in (B) CH 3 CN: iPrOH:H 2 O (50:45:5). Gradient conditions were as follows: 0 -1 min, B ϭ 30%; 1-7 min, B ϭ 30 -85%; 7-9.5 min, B ϭ 85-30%; 9.5-15 min, B ϭ 30%. The flow rate was maintained at 400 l. A software-controlled divert valve was used to transfer elutent from 0 to 3 min of each chromatographic run to waste. The total chromatographic run time was 15 min.
Brain filipin cholesterol staining. For in situ filipin staining, staged brains from controls and mutants were dissected and fixed for 15 min in 4% paraformaldehyde in 4% sucrose/phosphate buffered sucrose (PBS), followed by washes in PBS (three times for 10 min). A fresh stock solution of filipin (1 mg/ml in DMSO; Sigma-Aldrich) was diluted to a final concentration of 50 g/ml in PBS (Fluegel et al., 2006) . Tissues were incubated in the dark for 30 min at room temperature and rinsed with PBS three times. Tissues were mounted in Vectashield (Vector Laboratories) and immediately visualized with an Olympus FV1000 confocal scanning microscope equipped with a UV laser.
Primary neuronal culture. Primary brain neuron cultures were prepared as described previously (Jiang et al., 2005) . Briefly, staged control and mutant animals, 72 h after pupariation, were rinsed with ethanol and autoclaved water two times. Dissected brains were dissociated with enzyme solution [containing 50 U/ml papain activated by L-cysteine (1.32 mM) in dissecting saline (DS; in mM: 137 NaCl, 5.4 KCl, 0.17 NaH 2 PO 4 , 0.22 KH 2 PO 4 , 33.3 glucose, 43.8 sucrose, and 9.9 HEPES, pH 7.4)] for 15 min at room temperature. Tissue was washed three times with DS and three times with culturing medium (Ham's F-12/DMEM supplemented with 100 M putrescine, 30 nM sodium selenite, 20 ng/ml progesterone, 50 g/ml insulin, 100 g/ml transferring, and 1 g/ml 20-hydroxyecdysone) followed by mechanical dissociation and plating onto glass-bottom 35 mm dishes (MatTek) coated with Con A and laminin. Dissociated neurons were maintained in a 23°C humidified 5% CO 2 incubator. After 24 h and every fifth day, conditioned Neurobasal medium [Neurobasal medium plus B27 supplements (Invitrogen) conditioned by non-neuronal mouse brain feeder cell cultures] was added to cultured neurons. Live primary culture neurons were incubated with freshly prepared filipin (50 g/ml in DMSO or ethanol) and imaged with an Olympus FV1000 confocal scanning microscope.
Brain histology. Control and mutant animals were aged as indicated, and heads were isolated and fixed for 48 h in 4% glutaraldehyde, pH 7.4, at 4°C. Heads were postfixed at room temperature in 1% OsO 4 for 2 h and dehydrated in a standard EtOH series. Heads were put through a transition solvent of propylene oxide for 30 min, placed in propylene oxide/resin for 30 min, and infiltrated with pure resin ERL 4221 [Spurrmixture; electron microscopy sciences (EMS) grade] overnight at 60°C. Heads were oriented so that the knife blade contacted the posterior end first. Fifteen semithick serial sections (1.0 m) were cut every 20 m, collected on glass plates, stained with 0.5% toluidine blue on a hot plate for 1 min, and rinsed with water. Sections were dried on the hot plate before mounting with Permount (EMS grade; VWR) (Finley et al., 2003) and a coverslip. Light microscopy was done with an Olympus BX60 microscope equipped with an Olympus DP70 1.2.1.108 camera.
Electron microscopy. Isolated heads from staged control and mutant animals were prepared for transmission electron microscopy using standard protocols (Huang et al., 2004) . Briefly, heads were fixed in 4% glutaraldehyde at 4°C for 48 h. Samples were then washed in two 10 min changes of PBS and transferred to 1% OsO 4 in PBS for 2 h. Heads were then rinsed with double-distilled water, dehydrated through a series of graded alcohols (30 -100%), passed through propylene oxide for 30 min, as a transition solvent before being place in a 50%/50% solution of propylene oxide/spur-mixture for 30 min, followed by pure resin, and left overnight at 60°C to polymerize. The next day, ultrathin sections (50 -60 nm) were cut on a Leica Ultracut UCT 54 Ultramicrotome and collected on Synaptek 2x1 mm gold slot notch grids (EMS). Grids were stained on a drop of uranyl acetate for 25 min and a drop of lead citrate for 5 min. Sections were examined on a Phillips CM10 transmission electron microscope, 100 keV equipped with a side-mounted, high-resolution 2-mega pixel CCD camera. Digital images were taken of cross sections of the entire head, which contained both retina and brain. The EM ultrastructural images in Figure 5 are the very next 50 -60 nm sections after the toluidine blue sections in Figure 4 .
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling assays. Newly eclosed animals were collected and aged for 5 d (w 1118 control, n ϭ 6; dnpc1a 1 , n ϭ 6) or 45 d (w 1118 control, n ϭ 10; dnpc1a 1 , n ϭ 10). Brains were dissected in PBS, fixed for 15 min in 4% paraformaldehyde, and washed three times in PBS. All terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assays were performed by following the instructions from the in situ cell death detection kit (Roche Diagnostics). Briefly, control brains were treated with DNase I (100 U/ml in 50 mM Tris-HCl, pH 7.5, and 1 mg/ml BSA) for 10 min at 25°C. TUNEL reaction mixture (50 -100 l) was added to each sample and incubated for 60 min at 37°C. Images were acquired on a Zeiss Axioskop II plus microscope equipped with a Nikon DS-5mC camera and NIS elements BR 2.3 software.
Mosaic Analysis of Repressible Cell Marker neuronal clonal analysis. The Mosaic Analysis of Repressible Cell Marker (MARCM) clonal technique was used as first described by . The following MARCM lines were generated by standard genetic methods: (1) heatshock-FLP, mouse CD8-GFP;FRT40A,P-GAL80/CyO;GAL4-OK107; (2) y,w;FRT40A/CyO; (3) FRT40A,dnpc1a 57A /CyO; (4) FRT40A,dnpc1a 1 /CyO; elav C155 -GAL4;FRT40A,P-GAL80/CyO. Large MARCM clones (hundreds of neurons) were made within the brain MB. Single-neuron MARCM clones were made within the three MB neuron populations of ␣/␤, ␣Ј/␤Ј, and ␥ neurons. Staged embryos were collected within a 4 h window and cultured at 25°C. Mature embryos at 20 h were heat shocked at 37°C for 1 h to induce recombination and clone formation. Animals were then cultured to maturity at 25°C. Multiple MARCM clones in the central brain and retina were made with the pan-neuronal elav-GAL4 driver. As above, staged embryos were collected from a 4 h window at 25°C, and embryos were heat shocked at 37°C for 1-3 h at various time points (6, 24, 36, 48, and 72 h) . Brains were dissected out at staged intervals in days after adult eclosion. Brains were dissected in 1ϫ PBS, fixed in 4% paraformaldehyde for 30 min, and processed with immunostaining. MB axon lobes were labeled by mouse anti-Drosophila Fasciclin II 1D4 (1:20; Developmental Studies Hybridoma Bank, University of Iowa), and MARCM clones were labeled by rat anti-mouse CD8 (1:100; Invitrogen). Primary antibodies were visualized using Cy3-conjugated goat antimouse IgG (1:100; Jackson ImmunoResearch) and FITC-conjugated goat anti-rat IgG (1:100; Jackson ImmunoResearch). Clones were compared based on three-dimensional projections from complete Z-stacks from confocal microscopy using a Zeiss 510-meta laser-scanning microscope or the Olympus FV1000 confocal scanning microscope.
Electroretinogram recordings. Staged control and mutant animals were anesthetized for 5 min on ice and immobilized by embedding in dental wax. A reference glass electrode filled with 3 M KCl was inserted into the back of the head. A recording glass microelectrode filled with 3 M KCl was inserted into the center of the retina. All animals were dark adapted for 5 min before recording. Light stimulation (luxeon III, wave length, 470 nm; Lumileds) was provided as 2 s light flashes followed by 18 s of dark. All electroretinogram (ERG) recordings were done at room temperature. Data were captured with Axioscope 9.0 software and analyzed with pClamp 9.0 (Molecular Devices) (Huang et al., 2004) .
Statistics. All statistical analyses were done with Microsoft Excel software. Significance levels in figures were represented as 0.05 Ͼ p Ͼ 0.01 (*), 0.01 Ͼ p Ͼ 0.001(**), and p Ͻ 0.001(***). All error bars represent SEM, as appropriate for comparison of the mean of means distributions.
Results
Targeted neuronal expression of dNPC1a rescues life span of dnpc1a null mutant Previous reports show that absence of dNPC1a function causes lethality early in larval development because of loss of the cholesterol-based steroid hormone ecdysone; however, this early requirement can be circumvented by supplementing the diet with excess levels of ecdysone precursors during larval development (Huang et al., 2005; Fluegel et al., 2006) . Similarly, GAL4-targeted expression of a wild-type dnpc1a transgene to the ring gland, the site of ecdysone synthesis, rescues dnpc1a null mutants to adulthood. To study the requirements of dNPC1a in the adult nervous system, we used these two techniques to produce adult dnpc1a null mutants that were then analyzed in age-progressive studies.
Null dnpc1a mutants fed a diet supplemented with 7-dehydrocholesterol (0.14 mg/g) develop through larval stages, pupate, and eclose as anatomically normal adult animals. Nearly all of these null mutants display normal motor coordination, locomotion, and movement behaviors immediately after eclosion. However, with age, mutants develop obvious locomotory defects, evidenced first as a loss of motor coordination and then as progressive defects in movement behaviors. The onset and progression of these defects varies markedly between individuals. To display this variation, Figure 1 A shows the phenotypes of 20 individual dnpc1a null mutant animals placed individually into tubes immediately after eclosion and observed at regular intervals for coordination and locomotion behaviors. Within 48 h after eclosion, Ͼ50% of mutant animals appeared sluggish, with reduced movement and limited attempts at climbing or evading tactile contact. Within 72 h, most of these animals show a progressive loss of movement abilities, until movement ceased entirely and the animals died (Fig. 1 A) . Nevertheless, a subset of mutant animals remained normal and active throughout an 8 d period of observation and only later died a premature, earlyonset death. These phenotypes mimic the symptoms of human NPC patients with progressive locomotion defects and reduced life spans.
Null dnpc1a mutant animals maintained in larger populations appear to survive better than isolated individuals, but nevertheless clearly display the same progressive loss of movement behavior and early-onset lethality (Fig. 1 B) . Genetic background control animal populations (w 1118 ) show essentially no lethality for the first month and then the slow onset of lethality in the second month, with 50% of the population dead at 62 d ( Fig. 1 B, filled triangles). In contrast, null dnpc1a mutants display a precipitous and continual lethality starting soon after eclosion, with 50% of the population dead at 28 d (Fig. 1B , filled squares). Severe locomotor defects suggest that the cause of early lethality reflects a neuronal requirement for dNPC1a function. To test this hypothesis, a UAS-driven wild-type dnpc1a transgene tagged with YFP (UAS-dnpc1a-YFP) was targeted only to neurons with the panneuronal elav-GAL4 driver (Yao and White, 1994) . Neuronal expression of the dnpc1a transgene in dnpc1a null mutants provides no rescue of the ecdysone-dependent larval lethality (Huang et al., 2005) . However, in cholesterol-rescued adult mutants (elav-GAL4/ϩ;dnpc1a 1 ;UAS-dnpc1a-YFP/ϩ), the targeted neuronal expression of dNPC1a strongly rescues the progressive movement defects and the early lethality, extending the life span of dnpc1a mutant animals to a comparable age as homozygous elav-GAL4 controls ( Fig. 1 B, open circles and open triangles, respectively). Specifically, 50% of dnpc1a null animals with targeted neuronal expression live to day 33, compared with day 34 survival for elav-GAL4 controls, whereas dnpc1a null mutants in the homozygous elav-GAL4 background rarely survive past day 10, with 50% lethality by day 4 after eclosion ( Fig. 1 B, open   squares ). These data demonstrate a specific neuronal requirement for dNPC1a in the maintenance of movement behavior and continued viability with age progression.
Glial astrocyte dysfunction has been linked to neurodegenerative processes caused by NPC1 mutations in mammals (German et al., 2002) . The Drosophila brain has a dense population of glial cells that are functionally very similar to mammalian glial cells (Freeman and Doherty, 2006) . To determine whether dNPC1a function in glial cells can also significantly rescue the early-onset lethality of dnpc1a mutant animals, the repo-GAL4 driver was used to target expression of the UAS-dnpc1a-YFP transgene to glial cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) (Sepp et al., 2001) . Like the targeted neuronal expression of dnpc1a, glial expression of the dnpc1a transgene in dnpc1a null mutants does not rescue the ecdysonedependent lethality in larval stages. Similar to the elav-GAL4 background, the repo-GAL4 background also severely reduces the life span of dnpc1a null mutants, with 50% of the population dead by day 4 after eclosion (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Importantly, targeted glial expression of dNPC1a extends the life span of dnpc1a mutant animals, with 50% of the population dead by day 19 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). However, the repo-GAL4 genetic controls live much longer, with 50% of the population dead by day 50 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Thus, targeted glial expression of dNPC1a extends the life span of dnpc1a null animals (50% lethality by day 19 compared with day 5, respectively); however the life span remains significantly reduced compared with repo-GAL4 control animals. Conversely, targeted neuronal expression of dNPC1a in otherwise dnpc1a null animals extends the life span to that of elav-GAL4 genetic controls ( Fig. 1 B) .
Elevated cholesterol levels in dnpc1a mutant brains
An age-dependent increase in cholesterol levels in NPC disease is seen in every tissue, except the brain (Xie et al., 1999) . In fact, in the homozygous NPC Ϫ/Ϫ mouse, the concentration of cholesterol in the brain actually decreases with age (Xie et al., 1999) . However, the myelin sheaths wrapping neuronal processes are particularly cholesterol rich, and the loss of myelin attributable to neurodegeneration most likely accounts for the overall decrease in brain cholesterol levels in NPC Ϫ/Ϫ mice, thereby potentially masking cholesterol accumulation within brain neurons. Indeed, at birth, when there is little myelin present, cholesterol levels are elevated in every region of the brain in NPC Ϫ/Ϫ mice (Xie et al., 2000) . Drosophila glial cells do not generate myelin sheaths, and there are no known orthologs for the myelin genes (Freeman and Doherty, 2006) . Therefore, the Drosophila system is well suited to study changes in neuronal cholesterol levels without the influence of cholesterol-rich myelin.
To determine whether cholesterol levels are altered in the brain of dnpc1a null mutants, adult heads from control and dnpc1a null mutant animals were homogenized, and total cholesterol content was measured by enzymatic assays (Fig. 2) . Cholesterol levels in the absence of dNPC1a function are clearly and consistently elevated compared with wild type. The quantified total cholesterol levels in dnpc1a mutant heads are more than threefold higher compared with age-matched control animals (w 1118 control, 1.5 Ϯ 0.2; dnpc1a 1 , 5.0 Ϯ 1.2; n ϭ 3; p Ͻ 0.001) (Fig. 2 A) . The cholesterol assay is an enzyme-coupled reaction that enables the separate measurement of free cholesterol and cholesterol esters within the sample. In dnpc1a null mutant Figure 1 . Neural requirement for dNPC1a in age-progressive maintenance of motor behavior and life span. A, Individual "cholesterol-rescued" dnpc1a null mutant animals (dnpc1a 1 ; n ϭ 20 individual animals) monitored for movement behavior and activity level in days after adult eclosion. The behavioral scale is as follows: ϩϩϩ, normal locomotory activity; ϩϩ, reduced activity but normal motor coordination; ϩ, sluggish with reduced coordination; ϩ/Ϫ, almost no movement and severely uncoordinated; Ϫ, no movement. Id, Identification. B, Adult survival as a function of age determined for the w 1118 genetic control (n ϭ 231; filled triangles), dnpc1a null mutant (dnpc1a 1 ; n ϭ 124; filled squares), heads, there is a significant increase in both the free cholesterol ( p Ͻ 0.001) and cholesterol esters ( p Ͻ 0.01). However, the elevation in cholesterol esters is relatively small (Fig. 2 A, white) , with the majority of the dramatic increase in total cholesterol derived from the increase in free cholesterol content (Fig. 2 A,  black) . These results indicate that dNPC1a is required to regulate cholesterol trafficking and abundance in adult heads.
To make a more quantitative assessment of the cholesterol changes specifically within the brain, mass spectrometry was used to measure sterol composition of dissected, isolated brains in dnpc1a mutants compared with controls ( Fig. 2 B, C) . Mass spectrometry was done on brain lipid extracts from 7-dehydrocholesterol-fed control and mutant animals at day 5 after eclosion. Previous analyses of Drosophila membranes demonstrate the presence of multiple species of sterols including ergosterol, cholesterol, and dehydrocholesterol (Rietveld et al., 1999) . All of these sterol species were also identified in the brain extracts in this study. Mass spectrometry was performed in the presence of an internal [ 13 C 2 ]-labeled cholesterol standard (m/z ratio of 467). Representative traces of cholesterol levels (m/z ratio of 465) from dnpc1a mutant and control brain lipid extracts illustrate an increase in cholesterol in null mutant brains (Fig. 2 B) . Quantification of the mass spectrometry peaks shows cholesterol greatly increased (more than twofold higher) in dnpc1a brains compared with age-matched controls (w 1118 control, 13.3 Ϯ 1.0; dnpc1a 1 , 30.0 Ϯ 5.4; p Ͻ 0.05) (Fig. 2C) . This change appears specific to cholesterol, because the most abundant other sterol, ergosterol (m/z ratio of 475), shows no change in dnpc1a null brains compared with control (w 1118 control, 26.6 Ϯ 1.1; dnpc1a 1 , 25.4 Ϯ 8.0) (Fig. 2C) , although there is an increased variability in ergosterol levels in the mutant brain. Thus, both enzymatic and mass spectrometry assays independently show a highly significant accumulation of cholesterol in the brain in the absence of dNPC1a function.
Filipin-positive cholesterol aggregates in dnpc1a null neurons
Filipin is a fluorescent polyene macrolide that binds free 3-␤-hydroxysterols (Friend and Bearer, 1981) , such as ergosterol and cholesterol. A hallmark phenotype of NPC mutant cells is the appearance of cholesterol aggregates revealed with filipin staining. Filipin-positive aggregates have been well documented in non-neuronal tissues in dnpc1a mutants, including midgut cells and the Malpighian tubules (Huang et al. 2005) . With the increase in cholesterol in the dnpc1a null brain, we predicted a concomitant accumulation of filipin-positive aggregates in neuronal cells. We therefore assayed filipin in situ in brains in ageprogressive studies (Fig. 3A) as well as in brain primary neuron cultures at the resolution of single cells (Fig. 3B) .
The brains of "cholesterol rescued" animals were first analyzed for accumulation of filipin-positive aggregates. Isolated brains were dissected from staged, age-matched dnpc1a null and controls animals; lightly fixed; briefly incubated with filipin; and imaged for fluorescence. Brains from control animals at all ages (up to 45 d) exhibit only a diffuse fluorescent staining pattern, suggesting an even level of cholesterol and ergosterol distribution in all membranes (Fig. 3A) . In sharp contrast, dnpc1a null brains show an obvious, age-progressive accumulation of bright filipinpositive puncta throughout the entire brain. At 5 d after eclosion, these cholesterol aggregates are already evident, but relatively scarce and mostly restricted to the cortical neuronal cell body layer at the surface of the brain (Fig. 3A, left) . By 45 d after eclosion, intense filipin puncta are abundant throughout the entire brain of dnpc1a mutant animals, including all central brain ) is increased more than threefold compared with age-matched w 1118 controls in the day 5 adult. Free cholesterol (black) and cholesterol esters (white) were measured separately in an enzymatic assay from head homogenates (n ϭ 3). Significance is indicated at ***p Ͻ 0.001. B, Representative HPLC-MS/MS traces of cholesterol from isolated w 1118 control and null dnpc1a brains (dnpc1a 1 ) in the day 5 adult. Sterols from dissected brains were sulfated, resolved by HPLC, and identified in the presence of internal standard ([ 13 C 2 ]-cholesterol) by negative mode electrospray ionization MS/MS. The top two representative traces are from control brains, and the bottom two traces are from dnpc1a null brains. C, Quantification of HPLC-MS/MS measurements of cholesterol and ergosterol. Brains from dnpc1a mutants (open bars) have a more than twofold increase in cholesterol levels compared with controls (filled bars), whereas ergosterol levels are not significantly different. Significance is indicated as *p Ͻ 0.050.
regions and the optic lobes. The filipinpositive fluorescent aggregates still amass most abundantly in association with neuronal cell bodies but are progressively also found present in the central neuropil regions (Fig. 3A, middle) . To address the neural specificity of cholesterol aggregation, the wild-type dnpc1a transgene was expressed in the dnpc1a null mutant with the ring gland-specific Ϫ2-286-GAL4 driver (dnpc1a 1 ;2-286-GAL4,UASdnpc1a-YFP; no neuronal expression). This expression rescues the larval lethality without cholesterol feeding but provides no rescue of the filipin-positive cholesterol aggregates in the brain (Fig. 3A, right) . In contrast, targeted neuronal expression of the wild-type dnpc1a transgene in dnpc1a mutants with the neuron-specific elav-GAL4 driver (elav-GAL4;dnpc1a
1 ;UASdnpc1a-YFP) strongly rescues the cholesterol aggregation defect. With neuronal expression of dNPC1a, only a small subset of brain cells shows a few detectable filipinpositive aggregates (Fig. 3A, right) . This persistent filipin-staining pattern likely represents non-neuronal glial cells that do not express the elav-GAL4 driver and therefore would not express the wild-type dnpc1a transgene, maintaining the mutant phenotype.
Primary neuron culture provides an opportunity to image individual brain neurons at a much higher resolution (Rohrbough et al., 2003) . To determine the appearance and distribution of the filipinpositive aggregates within neuronal cells, primary neuronal cultures were isolated from the brains of dnpc1a null mutant and control animals and imaged for filipin staining (Fig. 3B) . Neurons derived from control animals display only faint filipin fluorescence with little or no evidence of fluorescent puncta. In sharp contrast, neurons from dnpc1a mutant brains clearly display an age-progressive accumulation of filipin-positive fluorescent aggregates, first within the soma but later also in neuronal processes (Fig. 3B) . Many neuronal soma contain multiple, large fluorescent aggregates, whereas some contain one immense fluorescent aggregate. This filipinstaining pattern is quite different from that seen in mammalian NPC mutant fibroblasts and sympathetic neurons, which exhibit hundreds to thousands of tiny puncta throughout the cytoplasm (Karten et al., 2002; Reid et al., 2004) . The fluorescent staining pattern in Drosophila dnpc1a null neurons does not resemble an endoplasmic reticulum pattern and does not colocalize with Golgi markers (e.g., GM130). Coculturing wild-type and dnpc1a null neurons on the same coverslip does not detectably affect the intracellular accumulation of filipin aggregates within the mutant neurons, which maintain the same large filipin-positive aggregates (Fig. 3B, right) . The results indicate dramatic, progressive accumulation of cholesterol within aberrant neuronal organelles in the absence of dNPC1a function.
Age-dependent neurodegeneration in dnpc1a null brains
The progressive loss of motor coordination, premature death, and massive accumulation of cholesterol aggregates in the brain of dnpc1a mutants suggests progressive neural deterioration, as in the human disease. It is therefore surprising that an early study reported no evidence of neurodegeneration in the absence of dNPC1a (Huang et al., 2005) . However, this study did not indicate either the number or the age of mutant animals assayed, and because neurodegeneration is strongly predicted to be age pro- Age-progressive accumulation of filipin-positive cholesterol aggregates in dnpc1a null neurons. A, Filipin-positive aggregates accumulate in the dnpc1a null brain in an age-progressive manner, dependent on dnpc1a function within brain neurons. Dissected whole brains isolated from w 1118 control, dnpc1a null (dnpc1a 1 ), neuronally driven elav-GAL4;dnpc1a 1 ;UASdnpc1a-YFP (elavϾdnpc1a), and ring gland-driven dnpc1a 1 ;2-286-GAL4,UAS-npc1a-YFP (2-286Ͼdnpc1a) animals at the ages indicated (OL, optic lobes; CB, central brain; E, esophagus) are shown. Control brains exhibit a low-level, diffuse filipin fluorescent pattern at all ages. At day 5, dnpc1a null brains display fluorescent positive puncta in the optic lobes and periphery of the central brain. By day 45, the number and fluorescent intensity of filipin aggregates has greatly increased in dnpc1a mutants. Filipin aggregates persist in ring gland-rescued dnpc1a mutant brains. Filipin aggregates are greatly reduced with targeted neuronal expression of dnpc1a (elavϾdnpc1a). Boxed regions are magnified to illustrate filipin-positive puncta. Scale bars: 100 m; inset, 25 m. B, Live primary culture brain neurons from w 1118 control and dnpc1a null (dnpc1a 1 ) brains. Control neurons show a low-level, hazy filipin pattern lacking puncta at all stages. Null dnpc1a neurons display age-progressive accumulation of fluorescent aggregates in cell bodies (white arrows) after 3 d in culture (3div). After 8 d in culture (8div), larger, more intense fluorescent aggregates are observed in both cell soma and processes (white arrows) of dnpc1a neurons. Coculturing control and dnpc1a mutant neurons on the same coverslip (control ϩ dnpc1a 1 ; 8div) does not eliminate the formation of filipin-positive aggregates (white arrows) in mutant cells. Boxed regions are magnified approximately three times and placed within the differential interference contrast images. Scale bar, 5 m.
gressive, it seems likely that this previous report simply stopped short of the required level of analysis. Neurodegeneration in Drosophila is often characterized by vacuolization that progresses into holes large enough to be seen with light microscopy (Celotto and Palladino, 2005) . We therefore began our analysis with 1 m plastic sections through the brain in age-progressive studies in dnpc1a mutants and age-matched controls (Fig. 4) .
Frontal sections stained with toluidine blue were made through the entire brain of dnpc1a null and control animals to assay the integrity of both the neuronal soma and neuropil regions. At day 5, dnpc1a null mutants are indistinguishable from controls, with both genotypes displaying intact neuropil and cell bodies with no detectable evidence of vacuolization (Fig. 4 A) . This result is therefore comparable to the report by Huang et al. (2005) . However, analyses of day 5 dnpc1a retinal structures show clear signs of neurodegeneration, with the appearance of small vacuoles between clusters of undamaged ommatidia (Fig. 4 B , magnified in 4C, indicated by arrows) [15 individual 1 m sections of day 5 w 1118 control (n ϭ 5) and day 5 dnpc1a 1 (n ϭ 4) animals]. Ommatidia in control animals are always fully intact without any noticeable holes in retinal tissue. These results show that there is little degeneration in the young brain (5 d after eclosion) but that the retina does contain damage and therefore manifests a greater requirement for dNPC1a function.
In age-progressive studies at 5, 15, 30, and 45 d, the neurodegeneration occurring first in the retina spreads progressively and more generally throughout the brain. Frontal sections from day 15 dnpc1a null animals maintain primarily intact neuropil and neuronal cell soma, but now with the appearance of an occasional hole, whereas the retina exhibit clearly increased vacuolization. Examination of day 30 dnpc1a null sections shows a definite increase in central brain vacuolization with continuing deterioration of the retina. By day 45, frontal sections from dnpc1a null mutants display extensive vacuolization and massive neural tissue loss in the central brain (n ϭ 6 animals; 15 1 m sections) (Fig. 4 A) . Particularly large holes, such as shown in Figure 4 A, were observed in multiple mutant animals and never in controls. These vacuoles are membrane bound and present in multiple sections stacked together in using NIH ImageJ software and therefore clearly do not represent a processing artifact. Agematched control brains rarely exhibit any signs of vacuolization and never display the large cavities characteristic of null mutants (n ϭ 7 animals and 15; 1 m sections) (Fig. 4 A) .
One-micrometer-thick serial sections every 15-20 m throughout the dnpc1a whole brain were generated and analyzed for the formation of vacuoles and other signs of neurodegeneration within different brain regions. Unlike other characterized Drosophila neurodegeneration mutants, vacuolization is not seen throughout the adult brain (Kretzschmar et al., 1997; Tschape et al., 2002) . The massive tissue loss observed in day 45 dnpc1a mutant animals (Fig. 4 A) always appears in very large regions in an asymmetric pattern. However, smaller holes are almost always identified in the lamina of day 45 dnpc1a null mutants (Fig. 4 B) . Targeted knockdown of dNPC1a in neurons achieved with a transgenic UAS-RNAi line driven by elav-GAL4 also demonstrates age-progressive neurodegeneration. At day 40, dnpc1a-RNAi animals show a more than threefold increase in vacuolization relative to age-matched controls. The quantification of vacuolated area in dnpc1a RNAi animals versus controls was determined by examining 5 m hematoxylin and eosin-stained brain sections with NIH ImageJ software (control, 1.8 Ϯ 1.1%; dnpc1a-RNAi, 6.8 Ϯ 1.7%; n Ͼ10 for each genotype). Consistently, dnpc1a null mutant animals expressing the wild-type UAS-dnpc1a transgene driven by elav-GAL4 in all neurons demonstrate a complete rescue of vacuole formation and other signs of neurodegeneration (n ϭ 3 animals; 15 1 m sections) (Fig.  4 A) . These results show that dNPC1a is required to maintain neuronal viability in the brain, specifically within neurons, as the animal ages.
In the absence of dNPC1a, vacuolization and loss of neural tissue is particularly severe in the retina. By day 45, every dnpc1a null mutant shows widespread vacuolization in the retina (n ϭ 6 animals; 15 1 m sections) (Fig. 4 B, C) . Although small holes also form in age-matched controls (n ϭ 7 animals; 15 1 m sections) (Fig. 4 B, C, arrows) , they are never present nearly to the extent 1 ) brain appears essentially normal compared with w 1118 control, with the occasional development of a small hole (arrow). By day 45, dnpc1a mutant brains exhibit massive tissue loss (arrowheads) and many smaller vacuoles in both neuronal soma layers and central neuropil. Targeted expression of dncp1a in neurons (elavϾdnpc1a) totally rescues the neurodegenerative phenotype. E, Esophagus. B, Frontal sections of retina at low magnification. Controls display a regular array of ommatidia, each containing seven compact rhabdomeres with surrounding cells. At day 5, the dnpc1a mutant (dnpc1a 1 ) retina is mostly intact, but small holes are beginning to form (arrows). By day 45, w 1118 control retina also exhibit occasional small holes (arrows), but rhabdomere number and ommatidia structure remain undamaged. The day 45 dnpc1a null retina display massive holes (arrows) with major loss of ommatidia and rhabdomere integrity. Holes are also observed in the lamina of the optic lobe (arrows; la, lamina; me, medulla). Targeted neuronal expression (elavϾdnpc1a) fully rescues the retina-degenerating phenotype in dnpc1a mutants. C, Highmagnification images of retina in B. Scale bars: A, 12 m; B, 6 m; C, 2 m. observed in the dnpc1a null retina. Thus, some photoreceptor loss does occur as a normal consequence of aging, but the onset and progression of the cell loss is dramatically increased with the loss of dNPC1a function. Furthermore, loss of rhabdomere structure is apparent throughout the retina in dnpc1a mutant animals (Fig. 4 B, C) . In many areas of dnpc1a null retina, there is a total loss of rhabdomere structure, whereas in other regions, rhabdomere architecture is detectable with varying degrees of membrane loss. Both the rhabdomere loss and the photoreceptor vacuolization are entirely rescued by expressing a wild-type copy of dnpc1a in photoreceptors with the elav-GAL4 driver (Fig. 4 B, C) . These results demonstrate that dNPC1a function is required in photoreceptors and more generally in central brain neurons to maintain viability during the later stages of animal aging.
Age-progressive ultrastructural defects in dnpc1a mutant neurons A defining characteristic of NPC is the accumulation of MLBs and MVBs, extramembranous structures within the cytoplasm of NPC1 mutant cells . MLBs are often associated with formation of autophagic vacuoles (AVs) leading to autophagy and may represent the sites of internal cholesterol deposition occurring in the absence of NPC1 function Pacheco et al., 2007) . We used electron microscopy to examine the ultrastructural architecture of brain neuronal cells and retinal rhabdomere membrane integrity in age-progressive studies of the brain and retina in dnpc1a null mutants and age-matched controls (Fig. 5) .
As early as day 1 after eclosion, before the onset of detectable movement defects or neurodegeneration in the central brain, neuronal cell bodies of dnpc1a mutants already exhibit the formation of the striking MLBs (n ϭ 9 animals) (Fig. 5A, arrows,  insets) . Single MLBs, ϳ100 -250 nm in size, are mostly found near the plasma membrane occupying ϳ9% of the neuronal cytoplasm. These structures are never observed in the neuronal soma of age-matched controls (n ϭ 5 animals) (Fig. 5A) . Progressive accumulation of MLBs is observed in ever increasing numbers of neuronal cell bodies over time. By day 45, the cytoplasm of nearly every dnpc1a mutant neuron examined contain one or more clear MLBs (occupying ϳ23% of the cytoplasm) or other extramembranous structures (n ϭ 12 animals) (Fig. 5A ). There is an obvious increase in the number of MLBs per neuronal cell body comparing day 5 with day 45 dnpc1a mutants, demonstrating age-progressive accumulation.
Similar to the difference in number of filipin-positive puncta per cell between Drosophila and mammalian cell cultures, there are hundreds of MLB structures in the mammalian NPC1 mutant neuronal cell cytoplasm versus Ͻ10 in dnpc1a null neuronal cells (Ko et al., 2005) . By day 45, immense MLBs up to 2 m wide appear both larger and denser, with an obvious increase in the number of membrane layers, compared with day 5 and even day 30 null neurons. At day 45, expression of the wild-type UASdnpc1a transgene driven by neuron-specific elav-GAL4 results in a striking reduction in MLBs within the cytoplasm of all neuronal cells examined (MLBs occupy ϳ9% of neuronal cell cytoplasm, similar to day 5 dnpc1a null mutants; n ϭ 4 animals) (Fig. 5A) . However, massive MLBs, similar in size to those observed in day 45 dnpc1a null neurons are still clearly observed in the characteristic electron-dense glial cells (Fig. 5A , white arrows) that interweave their processes between neuronal cells (Fig. 5A, arrows in  elavϾdnpc1a panel) . These characteristic MLB structures most likely correlate with the fluorescent aggregates seen in filipinstained whole-brain tissues from elav-GAL4;dnpc1a 1 ;UASdnpc1a-YFP animals (Fig. 3A) . These studies show that dnpc1a null brain neurons display an age-progressive accumulation of exceptionally striking, multimembranous organelles that never appear in wild type and that these aberrant structures result from Figure 5 . Targeted neuronal dnpc1a expression rescues ultrastructural defects. All panels show ultrathin (50 -60 nm) electron microscopy sections of the brain at the ages indicated. Genotypes shown are w 1118 control, dnpc1a null (dnpc1a 1 ), neuronally driven elav-GAL4; dnpc1a 1 ;UAS-dnpc1a-YFP (elavϾdnpc1a), and ring gland-driven dnpc1a 1 ;2-286-GAL4,UASnpc1a-YFP (2-286Ͼdnpc1a). A, Central brain neuronal soma. At day 5, MLBs (black arrows) are present in neuronal cell soma of dnpc1a mutants. By day 45, massive accumulations of MLBs (black arrows) are found in neuronal cell bodies. Control brains never produce MLBs. Targeted neuronal expression of dnpc1a (elavϾdnpc1a) rescues MLB formation in null neurons, whereas non-neuronal cells still accumulate MLBs (white arrow, glial cell). N, Nucleus. B, Ultrastructural defects commonly observed within dnpc1a mutant neuropil and rhabdomeres: MLB, MVB, AV, cholesterol crystal-like rods (arrows), and vacuole holes. C, Ultrastructural analyses of dnpc1a mutant retina reveal age-progressive neurodegeneration. At day 5, both w 1118 control and dnpc1a mutant (dnpc1a 1 ) retina exhibit distinct rhabdomeres (R) within each ommatidia; the overall architecture is intact in the dnpc1a mutant. Note the rhabdomere membrane invading the IRS (white arrow) in mutant. At day 45, control ommatidia remain intact with little extra membrane in the IRS, whereas dnpc1a mutant ommatidia exhibit large holes and loss of rhabdomere membrane integrity. High magnification shows rhabdomere degeneration and MVBs (black arrows). The architecture of day 45 ommatidia of neuronally rescued elav-GAL4;dnpc1a 1 ; UAS-dnpc1a-YFP animals (elavϾdnpc1a) is similar to age-matched controls (asterisk denotes one ommatidium), whereas ring gland-rescued dnpc1a 1 ;2-286-GAL4,UAS-dnpc1a-YFP animals (2-286Ͼdnpc1a) show the most severe degeneration. Scale bars: A, B, 500 nm; C, 2 m.
the absence of dNPC1a function within the brain neurons themselves.
Although MLBs first appear in neuronal cell bodies, in later ages, similar structures are observed within neuronal processes, consistent with concurrent appearance of filipin-positive aggregates in neuropil locations. In the neuropil of day 45 dnpc1a null brains, numerous MLBs are found in each electron microscope section (Fig. 5B) . Along with the accumulation of MLBs, long crystal-like rods are commonly observed within the mutant neuropil (Fig. 5B, arrows in first panel) . These structures closely resemble free cholesterol rods that form in model macrophage foam cells (Kellner-Weibel et al., 1999) and therefore may represent further, or more extreme, examples of cholesterol deposits. At the same age, AVs (Fig. 5B, second panel) and MVBs (Fig. 5B , fourth panel) were also commonly captured by electron microscopy imaging within the dnpc1a mutant central neuropil. Small membrane-bound holes are also frequently found with axon and dendritic tracts (Fig. 5B, arrow in third panel) , reflecting loss of neuronal processes. None of these defects are ever observed in control animals and disappeared in null mutants when wild-type dnpc1a transgene expression is targeted to neurons with elav-GAL4.
Similar striking MLBs and MVBs are observed in the dnpc1a null retina, together with the specific loss of rhabdomere integrity (Fig. 5C ). At day 5, both control and dnpc1a mutant retina maintain distinct ommatidia with typical rhabdomere structure. However, close examination of the dnpc1a mutant internal rhabdomere space (IRS) (Fig. 5C, asterisks) shows that rhabdomere membrane appears to be "swirling off" to infiltrate the IRS (Fig.  5C , bottom left, arrow in inset). This is a commonly observed phenotype in dnpc1a mutants, but only very rarely seen in controls. By day 45, dnpc1a mutants show extensive rhabdomere membrane intrusion into the IRS, as it deteriorates with age, and MLBs/MVBs now commonly invade the IRS (Fig. 5C , bottom middle panel, arrows in inset). Occasionally, rhabdomere membranes are also imaged entering the IRS in day 45 controls (Fig.  5C , top middle panel, arrow in inset), showing this to be a normal effect in aging, but one that is greatly enhanced in the absence of dNPC1a. Ultrastructural analyses also highlight the massive formation of holes throughout dnpc1a mutant ommatidia. Expression of the wild-type dnpc1a transgene with the ring glandspecific driver provides no detectable rescue of these striking phenotypes (Fig. 5C, 2-286Ͼdnpc1a) . However, targeted neuronal expression with the elav-GAL4 driver (elavϾdnpc1a) totally restores ommatidia and rhabdomere structure. These results demonstrate ultrastructural progression of membrane trafficking defects and appearance of aberrant multimembranous organelles preceding neuronal death that results from loss of dNPC1a function within neurons of the brain and retina.
Age-progressive neurodegeneration without apoptosis in dnpc1a mutant brains It is not clear whether the neurodegeneration characterizing NPC results from programmed apoptosis or some form of necrotic cell death. Low numbers of apoptotic cells are detected in the cerebrum and cerebellum of human patients and the mouse model of NPC (Wu et al., 2005) . A recent study of npc2 mutants in Drosophila similarly reveals apoptotic cell death in the brain (Huang et al., 2007) . Conflicting data have demonstrated that Purkinje cell (PC) neuron loss in npc1 Ϫ/Ϫ mutant mice cannot be delayed with apoptotic inhibitors, either genetically or pharmacologically (Erickson and Bernard, 2002) . We therefore assayed dnpc1a mutant brains for the presence of apoptotic cells by TUNEL staining in age-progressive studies (Fig. 6 A) .
Very few apoptotic cells are observed in control adult brains at any age. Therefore, as a positive control, wild-type brains were treated with DNase to reveal intense TUNEL-positive apoptotic nuclei residing in the cortical neuronal soma layer around the periphery of the brain (Fig. 6 A) . Null dnpc1a mutant brains were examined for TUNEL labeling in both young adult (day 5) and late-age adult (day 45). Neither stage showed any detectable TUNEL labeling indicative of apoptosis (Fig. 6 A) . In fact, TUNEL staining appears remarkably similar in mutants and agematched controls. These results show that the neurodegeneration caused by loss of dNPC1a in the brain is not characterized by the TUNEL labeling indicating apoptosis. The dNPC1a requirement is not cell autonomous or brain region specific A chimeric mouse model shows that PC neurons lacking NPC1 continue to die when surrounded by normal cells (Ko et al., 2005) , suggesting that the mutant neuronal cell loss is a cellautonomous process. The above results presented here also clearly show that the dNPC1a requirement is within neuronal cells and that glia interspersed among neurons expressing a wildtype dnpc1a transgene continue to manifest the full range of cholesterol accumulation and ultrastructural mutant defects. Conversely, expression of wild-type dnpc1a in non-neuronal ring gland tissue provides no rescue. These data collectively suggest a cell-autonomous requirement for dNPC1a function. To test this hypothesis, and to determine the effect of loss of dNPC1a on neuron morphology at the single-cell level, we used the mosaic analysis with repressible cell marker (MARCM) technique to generate homozygous dnpc1a mutant clones in an otherwise wild-type brain (Fig. 6 B) .
The MB-specific OK107-GAL4 driver was first used to target dnpc1a null mutant clones to this well defined brain region (Connolly et al., 1996) . The MB possesses a clear dendritic region (calyx) and five distinct axon lobes (Fig. 6 B) . There are three classes of MB Kenyon cell neurons: ␥ (projection of a single horizontal axon) and ␣/␤ and ␣Ј/␤Ј (two axon projections, one horizontal and one vertical) (Fig. 6 B) . By targeting the developmental period of mutant clone induction, MB clones can be made from the size of hundreds of neurons down to a single mutant neuron clone. Surprisingly, large MB dnpc1a null mutant clones show no consistent difference from wild-type clones in the maintenance of overall MB morphology or the architecture of the extensive axonal projections (Fig. 6 B, top) . In age-progressive studies through day 50, the large MB MARCM mutant clones show no detectable signs of apoptosis or cell loss that might indicate cell death or neurodegeneration. Therefore, single-cell MB MARCM clones were generated to observe individual cell bodies, dendrites, and axonal projections. Detailed analysis of single-cell MARCM dnpc1a ␥ neurons show no overt differences compared with wild-type single-cell MARCM clones (Fig. 6 B, bottom) . Further analysis of ␣/␤ and ␣Ј/␤Ј dnpc1a single-cell MARCM clones show no age-dependent effect such as process loss or cell death. These results suggest either that the requirement for dNPC1a within the brain is not cell autonomous or that the dnpc1a requirement is neuron-type specific and that MB neurons manifest a low requirement for dNPC1a.
To further examine the requirement of dNPC1a in other regions of the brain and retina, the MARCM technique was used to generate randomly induced dnpc1a 1 mutant clones more generally. To this end, the pan-neuronal elav-GAL4 driver was used instead of the MB-specific OK107-GAL4 driver. We were unable to generate very large dnpc1a null clones. However, induced dnpc1a null clones randomly located throughout the central brain of day 30 animals clearly colocalize with accumulations of cholesterol aggregates as monitored by filipin staining (Fig. 7A , bottom, white arrows). Age-matched control brains demonstrate no accumulation of filipin-positive puncta (Fig. 7A, top) . We further analyzed elav-GAL4 MARCM dnpc1a null clones by electron microscopy for the formation of MLVs or vacuoles that are easily identifiable in dnpc1a mutant animals. Control MARCM brains exhibited no accumulation of MLBs or MVBs in neuronal cell bodies (Fig. 7B) . In contrast, the elav-GAL4-driven MARCM dnpc1a mutant neuronal cell bodies accumulate MLBs (Fig. 7B , black arrows), whereas adjacent wild-type neurons maintain normal cytoarchitecture. Thus, both the sterol accumulation and membrane trafficking defects characteristic of dying neurons clearly manifest a cell-autonomous requirement widely throughout the nervous system.
Age-dependent loss of neuronal function in the dnpc1a null visual system Drosophila neurodegeneration models have usually not used electrophysiological methods to assay neuronal function, and yet this is perhaps the most sensitive and quantitative measure of neuronal integrity. One classic method is ERG recording of the light-evoked currents of photoreceptors, occurring as a sustained negative response during phototransduction (Heisenberg, 1971) . The ERG also records on-and offtransients at the beginning and end of the light stimulus, representing the postsynaptic L1 and L2 monopolar lamina cell responses to photoreceptor synaptic transmission (Coombe, 1986) . Thus, this single measurement allows the assay of both photoreceptor functional viability and the persistence of synaptic connectivity in the visual system. We recorded ERGs in age-progressive studies comparing dnpc1a null mutants to age-matched controls (Fig. 8) .
In young animals (day 5), both mutant and control show rapid and sustained photoreceptor depolarization during a light stimulus. Representative ERG recordings are shown in response to a 2 s light flash for the control and dnpc1a null (Fig. 8 A, left) , revealing indistinguishable depolarization responses. Quantification of the sustained ERG amplitudes (Fig.  8 B, left) (w 1118 control: 17.3 Ϯ 2.3, n ϭ 8; dnpc1a 1 : 16.8 Ϯ 5.6, n ϭ 8) shows that dnpc1a mutants exhibit normal phototransduction early in life. In aged animals at 40 d, the situation has changed dramatically. In control animals, aging results in a slight reduction in mean ERG amplitude at day 40 compared with day 5 (Fig.  8 A, right) . However, dnpc1a mutant animals show a much greater agedependent loss of phototransduction, with a 50% decrease in ERG amplitude compared with the age-matched controls (Fig. 8 A) . Quantification of day 40 ERG amplitudes reveal a significant reduction in dnpc1a null mutants compared with age-matched controls (w 1118 control: 12.4 Ϯ 3.0, n ϭ 10; dnpc1a 1 : 6.7 Ϯ 3.7, n ϭ 7; p Ͻ 0.01) (Fig. 8 B) . Mutant animals exhibit a wide range of ERG amplitudes, with one response in the wild-type range and all others with little to no response to light stimulus. This is in agreement with the variation observed in toluidine blue and electron microscopy images of mutant retina, showing severe retina and rhabdomere degeneration but also regions of relatively preserved ommatidia and rhabdomere integrity.
In young animals, day 5 control and dnpc1a mutants display comparable synaptic on-and off-transients. In contrast, age also causes a dramatic loss of synaptic on-and off-transients in dnpc1a mutant ERG recordings compared with agematched controls (Fig. 8 A, right, arrowheads). At day 40, the on-and offtransients are almost nonexistent in representative dnpc1a mutant traces. Quantification of on/off synaptic transients from day 40 animals demonstrates a highly significant ( p Ͻ 0.001) reduction in synaptic transients in dnpc1a mutants compared with controls (w 1118 control: on-transient, 2.9 Ϯ 1.1; offtransient, 2.9 Ϯ 1.0; dnpc1a 1 : ontransient, 0.4 Ϯ 0.7; off-transient, 0.4 Ϯ 0.4) (Fig. 8 B, right) . This particularly severe functional defect in synaptic transmission suggests specific defects within the photoreceptor synaptic cartridge. Ultrastructural examination of photoreceptor cartridges reveals the accumulation of MLBs in intact cells and a high incidence of vacuoles in dnpc1a mutants (Fig. 8C ). Where the photoreceptor terminates into the cartridge, capitate projections (CPs), sites of synaptic vesicle endocytosis, extend from the invagination of glia into the synaptic terminal (Fabian-Fine et al., 2003) . Null dnpc1a terminals display very few CP structures (Fig. 8C) , consistent with the severe loss of synaptic transmission. Thus, assays coupling measures of neuronal function with anatomical observations combine to show age-progressive neurodegeneration in the absence of dNPC1a. ) and w 1118 controls at the ages indicated. At day 5, control and dnpc1a 1 mutants show equal sustained negative responses and synaptic transients. By day 40, ERG amplitudes of control animals are attenuated compared with day 5 controls, but the dnpc1a mutants show a very dramatic further reduction compared with age-matched controls. The synaptic transients of day 45 dnpc1a mutants are almost totally lost (arrowheads). B, Quantification of ERG and synaptic transient amplitudes is shown for day 5 and day 40 animals. Each graph shows a scatter plot of individual ERG amplitudes (diamonds; n ϭ at least 6 animals per condition) with a histogram bar showing mean Ϯ SD. Significance is indicated as **p Ͻ 0.01 and ***p Ͻ 0.001. C, Electron microscopy cross sections of control and dnpc1a mutant photoreceptor lamina cartridges. The organization of the dnpc1a mutant cartridge is deranged with holes, MLBs, and very few synaptic capitate projections (cp). Synaptic active zones (arrows) and mitochondria (M) are marked. Scale bar, 500 nm.
Discussion
Drosophila models of human neurodegenerative diseases have made substantial inroads toward elucidating underlying cellular, molecular, and genetic dysfunction (Palladino et al., 2003; Tschape et al., 2003; Celotto and Palladino, 2005; Dermaut et al., 2005; Hickey et al., 2006) . These models can be further strengthened by the addition of the imaging resolution of brain primary neuronal cultures, detailed electron microscopy analyses of neuronal ultrastructural and electrophysiology assays of neuronal function during disease progression. The breadth of these new tactics greatly enhances our repertoire of approaches to provide insights into neurodegenerative disease states. In this study, we bring together this broad-spectrum strategy to generate a comprehensive model of NPC.
Ninety-five percent of NPC disease cases are caused by mutation of NPC1, a 13-pass transmembrane protein that resides in a unique class of endosomal organelles, binds cholesterol, and has the hallmarks of a transporter involved in sphingolipid/cholesterol trafficking (Mukherjee and Maxfield, 2004; Vance et al., 2006) . Loss of the Drosophila ortholog dNPC1a has been reported previously to result in early lethality attributable to the loss of cholesterol-dependent ecdysone production, a steroid hormone required for molting (Huang et al., 2005; Fluegel et al., 2006) . This insect-specific requirement has been a distraction, and has prevented detailed characterization of the Drosophila model. Fortunately, this early block in development is easily bypassed through a diet of excess ecdysone precursors (cholesterol or 7-dehydrocholesterol) or by targeted expression of dNPC1a in the ring gland, the endocrine organ that produces ecdysone (Thummel, 1996) . Null dnpc1a mutants rescued to adulthood show progressive locomotor defects, greatly reduced life span, intracellular accumulation of cholesterol aggregates, and age-progressive neurodegeneration, a constellation of phenotypes that closely mimic the human NPC disease condition (Sturley et al., 2004; Walkley and Suzuki, 2004) . Importantly, all of these phenotypes are rescued by targeted neuronal expression of dNPC1a in the null mutant, demonstrating a neural requirement.
Previous reports conclude that loss of dNPC1a does not cause neurodegeneration (Huang et al., 2005; Fluegel et al., 2006) . In contrast, we show here that the lack of dNPC1a within the brain causes the age-progressive accumulation of massive intracellular membranous structures, which are never observed in wild-type neurons, and brain degeneration starting as small vacuoles within the retina and progressing to massive tissue loss within both the retina and central brain. Similar neurodegeneration occurs in dnpc1a null mutants fed high levels of cholesterol during larval growth or expressing wild-type dnpc1a in the ring gland. Thus, neither cholesterol feeding nor ecdysone function contributes to the dnpc1a neurodegeneration phenotypes. In Drosophila, dNPC1a-dependent steroid hormone expression clearly explains the requirement for dNPC1a during development (Huang et al., 2005) . Similarly in mammals, loss of NPC1 is associated with lower neurosteroid levels, and administration of the neurosteroid allopregnanolone reportedly delays onset of neurological symptoms in NPC1 Ϫ/Ϫ mice (Griffin et al., 2004; Langmade et al., 2006) . These data clearly argue for NPC1-dependent generation of cholesterol-derived signaling steroids. However, characterized steroid hormones in Drosophila derive from the ring gland, and we show that dNPC1a function in the ring gland provides no protection against neurodegeneration.
Targeted neuronal expression of wild-type NPC1 in both the murine and Drosophila models prevents neurodegeneration associated with NPC1 dysfunction (Loftus et al., 2002) . The elav-GAL4-driven expression of wild-type dNPC1a does not lead to glial cell transgene expression. The neurodegenerative process in NPC cases has been linked to glial cell and astrocyte cellular dysfunction because of NPC1 localization to these cell types (Patel et al., 1999; German et al., 2002) . However, in the neuronal dNPC1a rescue animals, glial cells lacking dNPC1a adjacent to neurons expressing wild-type dNPC1a still accumulate massive MLBs and filipin-positive puncta. It is presently not known whether these glial cells die. Nevertheless, targeted glial expression of dNPC1a clearly provides significant rescue for the early-onset lethality of dnpc1a mutants, demonstrating that dNPC1a function in glia plays a substantial role in this disease model. Thus, in Drosophila dNPC1a function in both glia and neurons is important for prolonged survival during aging. Chimeric mice with functional dNPC1 expressed in a few cells still manifest death of nearby npc1 mutant neurons (Ko et al., 2005) , at least suggesting a cell-autonomous role for NPC1 in neuronal cell survival. However, in Drosophila, our MARCM clonal results show that MB neurons apparently do not require dNPC1a for long-term survival. MARCM analyses of aged day 50 dnpc1a null neurons show intact neuronal perikarya, elaborate dendrites, and structurally mature axons. These data, along with the neurodegenerative delay associated with neurosteroid application to npc1 Ϫ/Ϫ mutants early in murine development, argue for a non-cell-autonomous role for NPC1 function. In contrast, MARCM analysis of randomly induced dnpc1a null clones throughout the brain clearly demonstrates a cell-autonomous accumulation of cholesterol aggregates, as revealed by filipin staining, and the formation of extensive MLBs in neuronal soma, characteristic of ailing cells. It remains formally possible that steroids produced by neurons depend on dNPC1a function and that such neurosteroids maintain neuronal viability and so guard against complete neurodegeneration. Furthermore, although almost all neurons in the NPC Ϫ/Ϫ mice are filipin positive, not all neurons are equally vulnerable, because there are low levels of neuron loss in the thalamous and prefrontal cortex in the face of nearly complete PC loss (German et al., 2001) . Similarly, in the Drosophila brain, it appears that some neuron populations are also more sensitive to the loss of dNPC1a, at least at the level of full cellular death.
Loss of dNPC1a function in Drosophila neurons strongly impacts cholesterol trafficking. Null dnpc1a brains accumulate highly elevated levels of cholesterol and cholesterol aggregates at exceedingly high levels within aberrant neuronal organelles. These MLB structures are often composed of hundreds of layers of wrapped membrane and accumulate progressively in both size and abundance in all neurons in the absence of dNPC1a. Whereas the existence and formation of MLBs is not always a pathological symptom, the massive accumulation of MLBs seen in a variety of disease conditions is clearly an indication of severe cellular dysfunction (Schmitz and Muller, 1991) . It has been proposed that sphingolipid storage disease cells upregulate a Beclin-1-regulated autophagic process (self-digestion) to promote cell survival (Pacheco et al., 2007) . The formation of cholesterol-rich MLBs seen in NPC1-deficient cells is consistent with such autophagic cell death.
The cytoplasmic accumulation of MLBs in neurons is observed in a variety of other Drosophila mutants, also associated with adult lethality, neurodegeneration, and synaptic dysfunction. The formation of MLBs in the retina and neuromuscular synaptic junction are neuronal phenotypes in the bench-warmer (bnch) mutant, caused by loss of a predicted lysosomal sugar carrier (Dermaut et al., 2005) . The eggroll mutant exhibits similar MLB structures in neurons and glial cells, with associated brain vacuolization and early-onset lethality (Min and Benzer, 1997) . A Drosophila disease model for infantile neuronal ceroid lipofuscinoses (Ppt1 mutants) displays the same accumulation of MLBs throughout the brain, with associated early lethality but without reported signs of brain vacuolization or neuronal tissue loss (Hickey et al., 2006) . The genetic lesion causing eggroll has yet to be determined, but dnpc1a, bnch, and Ppt1 are all lysosomal/endosomal proteins, clearly linking neuronal MLB formation with endosomal trafficking defects.
Sterols (ergosterol and cholesterol) together with sphingolipids are the major components of lipid rafts. Drosophila lipid rafts are important for the light-induced recruitment of INADsignaling phototransduction complexes in photoreceptors (Sanxaridis et al., 2007) and also act as positive regulators of the Drosophila metabotropic glutamate receptor (DmGluRA) signaling between neurons (Eroglu et al., 2003) . Drosophila lipid rafts also regulate voltage-gated ion channel signaling and the synaptic vesicle cycling underlying neurotransmission (Rohrbough et al., 2004; Gasque et al., 2005; Rohrbough and Broadie, 2005) . Altering cholesterol levels and trafficking within neurons presumably has a great impact on membrane lipid rafts and their dependent mechanisms. Loss of NPC1 is linked to the depletion of lipid rafts in endocytic membranes (Simons and Gruenberg, 2000; Lusa et al., 2001 ). Loss of dNPC1a causes profound changes in cholesterol distribution and thus likely also disrupts lipid rafts. We show here that loss of dNPC1a disrupts relevant neuronal processes, including phototransduction in retinal photoreceptors and synaptic transmission to the optic lamina. The Drosophila NPC1 model is a good system to investigate whether NPC1 regulates formation or maintenance of lipid rafts in neurons, which may in turn be required for neuronal function and viability. Genetic and proteomic screens can tease out other players in the lipid trafficking pathway and thus provide insight into the dysfunction driving intracellular cholesterol/sphingolipid accumulation (Byun et al., 2006; Reddy et al., 2006) and identify potential drug targets for alleviating the catastrophic consequences of the NPC disease.
